The role of the heterotrophic dinoflagellate Noctiluca scintillans in affecting the nutrient-environment and aquatic ecosystem was investigated in the neritic area of Sagami Bay, Kanagawa, Japan, from January 2002 to December 2006, based on abundance, intracellular nutrient content, excretion rate and response of phytoplankton (diatoms) to enrichment of nutrients extracted from N. scintillans cells. Seasonal variations in abundance and vertical distribution of N. scintillans were significantly related to the physical structure of the water column, water temperature, chlorophyll a and primary productivity. Intracellular nutrient contents, except for Si(OH) 4 -Si, revealed clear seasonal fluctuations, which were significantly correlated to cell size variations. Thalassiosira rotula increased to higher cell abundances at higher concentrations of nutrients, which were extracted from N. scintillans cells. NH 4 + -N and PO 4 3--P excretion rates were much higher during the first 1-3 h, and decreased rapidly with time. Daily NH 4 + -N and PO 4 3--P supply by N. scintillans excretion was estimated to be on average 34.8% and 55.3%, especially 50.6-85.4% and 80.5-135.8% in April-July (monthly mean), of the daily N and P requirement for primary production, respectively. The large amounts of nutrients regenerated and released by N. scintillans excretion can increase the N and P concentrations in ambient seawater, especially in the upper layer in spring-summer, and consequently affect phytoplankton (diatom) abundance. These may exacerbate eutrophication in these waters by a mutually supportive relationship between phytoplankton and N. scintillans: bottom-up control (phytoplankton-N. scintillans) and nutrient supply by N. scintillans to phytoplankton through excretion.
Introduction
Red tide outbreaks caused by the large heterotrophic dinoflagellate Noctiluca scintillans (Macartney) Ehrenberg (Noctiluca hereafter), one of the most common red tideforming organisms, have been frequently observed in temperate-to-tropical estuarine and coastal waters around the world (e.g. Kuroda 1990 , Elbrächter & Qi 1998 . Seasonal, year-on-year and/or spatial variations in abundance of Noctiluca have been extensively studied in temperate and subtropical estuarine and coastal waters (e.g. Kuroda & Saga 1978 , Uhlig & Sahling 1990 , Huang & Qi 1997 , Tada et al. 2004 , Miyaguchi et al. 2006 . These studies found distinct seasonal variations with considerable peaks (i.e. blooms, red tide outbreaks) of Noctiluca abundance in spring-summer after the final stage of spring phytoplank-ton (diatom) blooms. Noctiluca has extremely high liquid contents of ammonia (NH 4 + -N) and phosphate (PO 4 3--P) within the cells (Okaichi & Nishio 1976 , Montani et al. 1998 , Pithakpol et al. 2000a , which may contaminate the surface seawater after secretion, exudation and lysis of Noctiluca cells. In fact, abnormally high NH 4 + -N and PO 4 3--P concentrations in the surface waters have been reported to be associated with Noctiluca red tides and/or blooms (Schaumann et al. 1988 , Elbrächter & Qi 1998 , Montani et al. 1998 , Pithakpol et al. 2000a , Al-Azri et al. 2007 ). Pithakpol et al. (2000a, b) stated that NH 4 + -N and PO 4 3--P pools within Noctiluca cells contributed high percentages to the water column NH 4 + -N and PO 4 3--P pools, especially during the period at which a Noctiluca red tide was formed in the upper waters in spring.
It is well known that light and dissolved inorganic nutrients are major limiting factors for phytoplankton growth. Phytoplankton species are limited to grow and increase in the upper layer of the water column, within which dissolved inorganic nutrient concentrations decrease frequently to very low levels in spring-summer in temperate waters, while nutrient supplies from the nutrient-rich deeper layer are obstructed by seasonal stratification. In these waters, Noctiluca may serve as a nutrient regenerator due to its high contents of ammonia and phosphate. However, studies on Noctiluca as a nutrient regenerator and supplier affecting aquatic ecosystems have been limited. Sagami Bay, located on the southern coast of central Honshu, the main island of Japan, is a semi-circular embayment facing the western North Pacific Ocean (Fig. 1) , and is geographically located in the transition zone where nutrient-rich estuarine water from neighboring Tokyo Bay, one of the most eutrophic semi-enclosed embayments in Japan, flows out to the Pacific Ocean. Although chemical oxygen demand (COD), dissolved inorganic nutrient and chlorophyll a (Chl-a) concentrations in Sagami Bay have maintained much lower levels than in neighboring Tokyo Bay (Saitou 1992 , Ara & Hiromi 2008 , Ara et al. 2011b , since the 1980s some signs of eutrophication (i.e. gradual rise in COD and Chl-a concentration, decline in transparency, red tide outbreaks) have occurred, partly in the coastal waters of Sagami Bay (Yamada & Iwata 1992 , Yamada 1997 , Machida et al. 1999 , Yamada & Matsushita 2005 , Miyaguchi et al. 2006 , Ara & Hiromi 2008 , Ara et al. 2011a ). The neritic waters in the innermost open area of Sagami Bay, especially the upper layer around Enoshima Island, have higher phytoplankton standing crops (Chl-a) and primary production than those in any other open area in the bay (Ara & Hiromi 2007 , 2008 , Ara et al. 2011a . The higher phytoplankton biomasses and production rates in these waters are induced by much higher nutrient concentrations due to nutrient-rich run-off from the Sakai and Hikiji Rivers (Saitou 1992 , Yamada & Iwata 1992 , Tanaka 1993 , Yamada & Matsushita 2005 , Ara & Hiromi 2007 , 2008 , Ara et al. 2011a .
Studies on Noctiluca in the coastal waters of Sagami Bay have dealt with aspects of red tides and/or red coloration phenomena, sometimes having originated in expanded from neighboring Tokyo Bay (Tanaka 1985 , Yamada 1997 , Kamataki 2005 , predominance in the microphytoplankton assemblages (Tatara & Kikuchi 2003 , Baek et al. 2009 , and seasonal and interannual variations in abundance in relation to environmental factors (Miyaguchi et al. 2006) . However, in these waters as well as other waters of the world, there has been no attempt to investigate the availability of nutrients regenerated by Noctiluca for phytoplankton growth or to evaluate the contribution of nutrient (N and P) supply by Noctiluca excretion to phytoplankton primary production. This study provides data on (1) seasonal variations in abundance, cell size and intracellular nutrient contents and concentration of Noctiluca in relation to abiotic/biotic properties and estimation of the contribution of intracellular nutrient pools within Noctiluca cells to the total nutrient standing stocks, (2) response of phytoplankton (diatoms) to nutrients extracted from Noctiluca cells, and (3) NH 4 + -N and PO 4 3--P excretion rates of Noctiluca, estimating the contribution of NH 4 + -N and PO 4 3--P supply for primary production, over five years (2002) (2003) (2004) (2005) (2006) in the neritic area of Sagami Bay. (Fig. 1) . On each sampling date, water samples for Noctiluca enumeration were taken at depths of 0, 5, 10, 20, 30, 40 and 50 m, using duplicate Van Dorn bottles (10 L 2). For Noctiluca enumeration, 20 L water samples were concentrated using a hand-net (63 μm mesh size), transferred into 100 mL bottles and immediately preserved in 1% glutaraldehyde (final concentration). For laboratory experiments, live Noctiluca samples were collected by gently vertical towing from 20 m depth to the surface, using a NORPAC net (45 cm in mouth diameter, 200 μm in mesh opening size), and were carefully transferred into a 20 L tank filled with the ambient surface seawater. For the diatom culture experiment on April 20, 2004, live microphytoplankton samples were collected by vertical tows from 20 m depth to the surface, using a plankton net (30 cm in mouth diameter, 63 μm in mesh opening size), and transferred into 1 L bottles filled with ambient surface seawater. These live samples were taken to the laboratory within 1-2 h. Seawater for laboratory experiments was taken at the sea surface (ca. 1 m depth) and filtered through a Whatman GF/F glass fiber filter (filtered seawater hereafter) prior to experiments.
Materials and Methods

Field investigation
Physicochemical properties (i.e. water temperature, salinity and density) and Chl-a concentration at this station were previously published by Ara & Hiromi (2007 , 2008 , Ara et al. (2011a, b) and Okutsu et al. (2012) , and details of observation methods can be found in these papers. Prior to sample collection, water temperature and salinity were recorded using a Memory STD (AST-1000/ P-64K, Alec Electronics, Japan), and density (σ t ) was calculated. Water samples taken at the seven depths, as described above, were used for Chl-a and dissolved inorganic nutrient analyses. When a red tide of Noctiluca had formed at the surface on April 19, 2006, after removing Noctiluca carefully using a 200 μm-mesh screen at the sea surface, an additional water sample for dissolved inorganic nutrients was taken at the center of Noctiluca patches in the uppermost surface layer (0 to ca. 3 cm depth) using a plastic bucket. For Chl-a analysis, 0.5 L of seawater aliquots were filtered through Whatman GF/F glass fiber filters (47 mm). Chl-a concentration was determined with a fluorometer (TD-700, Turner Designs, USA) after extraction with 90% acetone (Holm-Hansen et al. 1965 , Parsons et al. 1984a . Dissolved inorganic nutrient concentrations, i.e. ammonium (NH 4 + -N), nitrate+nitrite (NO 3 -+NO 2 --N), phosphate (DIP: PO 4 3--P) and silicate (DSi: Si(OH) 4 -Si), were determined using an Autoanalyzer (AACSIII, Bran+Luebbe, Germany) (Parsons et al. 1984a , Hansen & Koroleff 1999 .
Primary productivity (PP) was determined by the in situ 13 C tracer method (Hama et al. 1983) , as described by Ara & Hiromi (2007 and Ara et al. (2011b) . Water samples were taken from depths corresponding to 100, 50, 25, 10, 5 and 1% photon fluxes of that just above the sea surface using a Niskin bottle. Dissolved inorganic carbon (DIC) concentration in the seawater was determined using a Total Organic Carbon (TOC) Analyzer (TOC-V CPH , Shimadzu, Japan). After removing large zooplankton with a 200 μm-mesh, seawater samples were immediately transferred into clean 1 or 0.5 L polycarbonate bottles. After the addition of NaH 13 CO 3 (Cambridge Isotope Laboratories, ca. 10% of the total inorganic carbon in ambient water), the bottles were placed at the same depths at which the water samples were taken, and were incubated in situ for 24 h. The samples were then filtered through precombusted (at 400 o C for 4 h) Whatman GF/F filters (47 mm). These filters were dried at 60 o C for 1-2 h, treated with HCl fumes for 3 h to remove inorganic carbon, completely dried at 60 o C for 1-2 h and stored in a vacuum desiccator. The isotopic concentration of 13 C and 12 C was determined using a mass-spectrometer (ANCA-SL, Europe Scientific, UK). The dark uptake was always corrected for primary productivity.
Sample treatments
Noctiluca from 10-100% subsamples were counted under a microscope. Cell diameter was measured using an eyepiece micrometer for 100-300 cells per sample or all cells when samples contained <100 cells. Cell volume was calculated from cell diameter assuming spherical configuration.
Intracellular nutrient contents
The methods for preparing and determining intracellular nutrient contents of Noctiluca were based on Montani et al. (1998) , an outline of which is briefly given as follows. After standing for 2-3 h, 200 buoyant Noctiluca cells were separated from mixed samples into separate petri dishes, using a wide-bore pipette. In each analysis, 3-5 replicates were prepared. These cells were carefully washed with filtered seawater several times by sieving through a 200 μm-mesh screen to remove small algae and particles. Then, the cells with a small amount of filtered seawater (5-10 mL) were smashed up with a Teflon homogenizer, final volume was adjusted to 50 mL using filtered seawater, and this mixture was filtered through Whatman GF/F filters (25 mm). These samples were transferred into 50 mL clean polypropylene bottles, and kept in a freezer (-40 o C) until analysis. Dissolved inorganic nutrient concentrations were determined, as described above. Intracellular nutrient contents were quantified by subtracting the NH 4 + -N, NO 3 -+NO 2 --N, PO 4 3--P and Si(OH) 4 -Si concentrations measured in filtered seawater from the respective NH 4 + -N, NO 3 -+NO 2 --N, PO 4 3--P and Si(OH) 4 -Si concentrations measured in filtered seawater containing extracted intracellular nutrients and by dividing the number of cells (i.e. 200) that had been extracted in each analysis.
Diatom response to enrichment with nutrients extracted from Noctiluca cells
Cell chains of the diatom Thalassiosira rotula Meunier, one of the dominant species in the microphytoplankton assemblages at our study site (Ara et al. 2011a) , were isolated from natural assemblages and mono-cultured in modified Erd-Schreiber medium (Nakajima 1988) . The initial concentration of dissolved inorganic nutrients in control and test media were determined, as described above, and are presented in Table 1 . For the control and each test medium, triplicates were incubated for 288 h under the same laboratory conditions as for monoculture. The cell abundance of T. rotula in each test tube was counted under a microscope at intervals of 6 h for the first 12 h, and every 12 h from 12 to 288 h.
Excretion rate
Excretion rate of Noctiluca was measured by a waterbottle method (Ikeda 1974) . After acclimating for 4-6 h in an incubator adjusted to the in situ surface temperature at capture (16.7-25.8 o C), buoyant Noctiluca cells were separated from mixed samples into petri dishes using a widebore pipette, and were carefully washed with filtered seawater several times by sieving through a 200 μm-mesh screen. Usually, 400 Noctiluca cells were transferred into each 100 mL glass DO bottle filled with filtered seawater. In each experiment, at least three replicates and one control (without Noctiluca) were prepared. The experiment was run for 1-72 h in an incubator adjusted to the same temperatures as for acclimation under dark conditions. Noctiluca was not fed during the experiment. After the incubation, seawater was siphoned off through a 200 μm-mesh screen into 50 mL clean polypropylene bottles, and kept in a freezer (-40 o C) until analysis. NH 4 + -N and PO 4 3--P were determined, as described above. NH 4 + -N and PO 4 3--P excretion rates were quantified by subtracting NH 4 + -N and PO 4 3--P concentrations in the control bottles from the NH 4 + -N and PO 4 3--P concentrations in the respective experimental bottles at the end of each incubation period, and by di- viding by the number of cells (i.e. 400) in each experimental bottle.
Data analysis
The depths where 25, 50 and 75% of the Noctiluca population was distributed (25, 50 and 75%D, respectively) on each sampling date were calculated from the abundance at depths of 0, 5, 10, 20, 30, 40 and 50 m, according to Pennak (1943) . Correlations between abiotic/biotic variables (water temperature, salinity, Chl-a and PP) and Noctiluca abundance in the water column (0-50 m depth) for all sampling dates in 2002-2006 and in each season of 2002-2006 (winter: December-February; spring: March-May; summer: June-September; autumn: October-November) and at the depth of 50%D were analyzed by Spearman rank correlation.
Results
Temperature, salinity, density and dissolved inorganic nutrients
Water column temperature, salinity and density (σ t ) varied from 12.34 to 28.25 o C, from 30.28 to 34.74 and from 19.91 to 26.01, respectively, and showed similar seasonal variations during all five years (Fig. 2) . In autumn-spring (November-April), temperature, salinity and density (σ t ) were homogeneous throughout the water column. Thermo-, halo-and pycnoclines developed at 20-30 m depth in summer (June-September), while at the surface temperatures rose to [25] [26] [27] [28] o C and salinities declined to 30-32. The difference between densities (σ t ) at the surface and lower layer, i.e. vertical stability of seawater in the water column (0-50 m depth), was higher in spring-autumn, especially during the summer stratified period, and lower in winter.
NH 4 + -N concentration varied from below the detection -+NO 2 --N: 28.6 μM; PO 4 3--P: 7.9 μM; Si(OH) 4 -Si: 7.0 μM) at the center of Noctiluca patches in the uppermost layer (0-3 cm depth). 
Chl-a concentration and primary production
Chl-a concentration varied from 0.03 to 20.36 μg L -1 (Fig. 4) . In November-January, Chl-a concentrations were low (<1 μg L ) throughout the water column in December-January.
Abundance
Noctiluca abundance varied from 0 to 1.8 10 3 cells L -1 , with an overall mean SE of 2.5 10 1 3 cells L -1 (Fig. 5) . The abundance was high in spring-summer, especially in the upper layer (0-10 m depth). Drastic increases in abundance at the surface were associated with increases in water temperature and with decreases in salinity, and these appeared during or just after the period of spring phytoplankton blooms. Higher abundances (>1. ) was higher than that in other years (2.1 10 2 -9.7 10 2 cells L -1
). The depth where 50% of the Noctiluca population was distributed (50%D) varied from 0 to 40 m, with an overall mean SE of 6.7 0.7 m (Fig. 5) . The depth of 50%D was found frequently in the upper layer (0-10 m depth) during most of the study period, especially at the surface-to-subsurface (0-2 m depth) in spring-summer, whereas during late autumn-early spring when Noctiluca was scarce (<5 cells L -1 ), the depth of 50%D was found below 20 m depth. In almost all cases, Noctiluca abundance showed significantly positive correlations with Chl-a and PP, and significantly negative correlations with salinity (Table 2) . Noctiluca abundance showed significantly positive correlations with water temperature in spring and summer in the water column and during all periods at the depth of 50%D, but significantly negative correlation in winter in the water column.
Cell diameter and volume
The mean ( SE) cell diameter and volume of Noctiluca varied from 325 13 to 826 10 μm and from 1.83 10 7 1.99 10 6 to 3.15 10 8 1.27 10 7 μm 3 , respectively (Fig. 6 ). Cell size (i.e. diameter and volume) of Noctiluca showed seasonal fluctuations: their cell sizes were generally larger in winter-early spring and smaller in summer. There were significantly negative correlations between abiotic/biotic variables (i.e. temperature and Chl-a) and cell sizes (Fig.  7) , while there was no statistically significant correlation between temperature and Chl-a (p>0.05). With the present multiple regression model, 43% and 42% of variance in cell diameter and volume were explained by temperature and Chl-a. Temperature and Chl-a showed similar contributions to cell size variations (Table 3) .
Intracellular nutrient content and concentration
The mean ( SE) intracellular nutrient content and concentration of Noctiluca varied from 0. (Fig. 8) . Intracellular NH 4 + -N, NO 3 -+NO 2 --N and PO 4 3--P contents and concentrations exhibited seasonal fluctuations: the intracellular nutrient contents were higher in spring and lower in summer, which was similar to the trend seen in cell size variations, whereas the intracellular nutrient concentrations were higher in summer and lower in spring, which translates to a mostly inverse relationship to the intracellular nutrient contents. For intracellular Si(OH) 4 -Si content, there was no consistent trend in the seasonal fluctuations during the study period. There were significant correlations between cell volume and intracellular NH 4 + -N, NO 3 -+NO 2 --N and PO 4 3--P content and between cell volume and intracellular NH 4 + -N, PO 4 3--P and Si(OH) 4 -Si concentration, respectively (Fig. 9) .
The intracellular nutrient concentrations quoted above were 10,100-49,000 μM for NH 4 + -N, 374-6,520 μM for NO 3 -+NO 2 --N, 891-2,790 μM for PO 4 3--P and 878-16,200 μM for Si(OH) 4 -Si (Table 4 ). The ratio of intracellular nutrient concentration to nutrient concentration in the surrounding seawater (i.e. the concentration ratio) at each sampling date and depth was 3.5 10 3 -1.1 10 6 -fold for NH 4 + -N, 6.1 10 1 -1.4 10 4 -fold for NO 3 -+NO 2 --N, 1.4 10 3 -2.6 10 5 -fold for PO 4 3--P, and 6.7 10 1 -3.2 10 4 -fold for Si(OH) 4 -Si.
Diatom response to enrichment with nutrients extracted from Noctiluca cells
The cell abundance of Thalassiosira rotula in the control and enriched solutions (i.e. Medium 1, 2 and 3) showed similar values at 6-60 h, increasing to ca. 3 10 3 cells mL -1 at 60 h (Fig. 10) . The cell abundances in enriched solutions increased rapidly at 60-84 h, whereas at that time those in the control solution remained low. Thereafter, until the end of experiment (72-288 h), the cell abundances in the test solutions remained at higher levels than in the control. The cell abundance in the control was largely constant (ca. 3.5 10 3 cells mL -1
) at 72-204 h and then decreased gradually. The maximum cell abundances in the control, Medium 1, 2 and 3 were found at 144, 276, 252 and 240 h, respectively.
Excretion rate
The mean ( SE) NH 4 + -N and PO 4 3--P excretion rate of Noctiluca varied from 2.4 0.9 to 242.6 7.4 pmol cell , respectively (Fig. 11) . Both NH 4 + -N and PO 4 3--P excretion rates decreased exponentially with time: the rates were higher at 1-12 h, especially at 1-3 h, and were almost constant at 24-72 h. There were significant correlations between experiment time and NH 4 + -N and PO 4 3--P excretion rates, respectively. With the present multiple regression model, 91% and 88% of variance in NH 4 + -N and PO 4 3--P excretion rates were explained by experiment time, ambient water temperature and intracellular NH 4 + -N and PO 4 3--P contents (Table 5 ). The proportion (%) of nutrient excretion to intracellular nutrient content varied from 0.1 to 23.2% h -1 for NH 4 + -N and from 0.1 to 22.5% h -1 for PO 4 3--P. The proportions of NH 4 + -N and PO 4 3--P excretion to intracellular NH 4 + -N and PO 4 3--P content decreased exponentially with time. There were significant correlations between experiment time and proportion (%) of NH 4 + -N and PO 4 3--P excretion to intracellular NH 4 + -N and PO 4 3--P content. There was no statistical difference (p>0.05) between these two regression equations of experiment time-proportion of nutrient excretion to intracellular nutrient content relationships for NH 4 + -N and PO 4 3--P.
Discussion
Seasonal variations in abundance
The present study found clear seasonal variations in Noctiluca abundance: although the variations (i.e. exact duration of occurrence, abundance, distribution) differed depending on the year, overall variation patterns were essentially similar during all five years, and these were similar to those reported for other temperate coastal waters (e.g. Uhlig & Sahling 1990 , Pithakpol et al. 2000a , b, Tada et al. 2004 , Miyaguchi et al. 2006 ). For Noctiluca, such seasonal variations occur commonly in temperate seas, being explainable by local abiotic/biotic variables (i.e. physical structure of ambient seawater, water temperature, food availability) and the abiotic/biotic variable-dependent growth of Noctiluca. The seasonal variations in vertical distribution of Noctiluca were correlated significantly to the physical structure of the water column: Noctiluca was distributed most densely in the upper layer (0-10 m depth) in late spring-early autumn (April-October), and in even greater numbers during the summer stratified period (June-September), whereas during other periods of vertical mixing of waters (November-March), it was rare and dispersed throughout the water column. The depth where 50% of the Noctiluca population was distributed (50%D) exhibited a mostly inverse relationship to the vertical stability of the water column (Figs. 2, 5) , and there was a significantly negative correlation between them (exponential approximation, r 2 =0.177, p<0.0001). This indicates that seasonal stratification, i.e. increasing vertical stability of the water column (0-50 m depth), was one of the principal factors causing accumulation of positively buoyant cells in the upper layer, due to the lower specific gravity of Noctiluca cells than that of seawater (Nozawa 1943) . Aggregation of Noctiluca in the surface water has been found in many other coastal waters (e.g. Kuroda & Saga 1978 , Schaumann et al. 1988 , Elbrächter & Qi 1998 , Tada et al. 2004 . In littoral waters, after ascent to the upper layer caused by seasonal stratification, the passive accumulation of Noctiluca cells due to wind and/or tidal currents has been reported as an important mechanism for the formation of Noctiluca blooms or aggregations (Le Fèvre & Grall 1970 , Huang & Qi 1997 , Dela-Cruz et al. 2003 , Miyaguchi et al. 2006 .
At our study site, Noctiluca abundance showed significantly positive correlations with water temperature, Chl-a and PP, and an inverse correlation to salinity: in almost all seasons, these correlations were significant. Significantly positive correlations between Noctiluca abundance and Chl-a have been reported in other coastal waters (e.g. Schaumann et al. 1998 , Painting et al. 1993 , Dela-Cruz et al. 2002 . Significant correlations with Chl-a and PP suggest that Noctiluca and phytoplankton are in a grazer-prey relationship: the variations in abundance of Noctiluca are affected by Chl-a concentration (i.e. bottom-up control), while Chl-a concentration would not be affected mainly by Noctiluca abundance (i.e. top-down control), because in the latter case prey and grazer organism abundances normally would show an inverse relationship and there would be significantly negative correlation between them (Huang & Qi 1997 , Isinibilir et al. 2008 . In spring, Noctiluca abundance showed stronger correlations with water temperature, salinity and PP than Chl-a, whereas in summer it showed stronger correlations with salinity, Chl-a and PP than with water temperature. In the present study, it is expected that salinity would affect abundances minimally because it varied within the range (30.3-34.7) of suitable salinities for continual Noctiluca population growth (14-34, Lee & Hirayama 1992) . In summer, especially in the upper layer (0-10 m depth) at temperatures of 26-28 o C, even though Chl-a and PP remained relatively high, Noctiluca abundances were very low (Figs. 2, 4, 5) , as similarly found in other waters (e.g. Uhlig & Sahling 1990 , Huang & Qi 1997 , Schoemann et al. 1998 , Tada et al. 2004 , Miyaguchi et al. 2006 . Laboratory-culture experiments have shown that growth and production rates of Noctiluca are temperature-and food-dependent: Noctiluca has enhanced growth rates at temperatures ranging from 5 to 21-23 o C and under higher prey (phytoplankton) concentrations, whereas it could not grow at temperatures higher than 26- 27 o C (Lee & Hirayama 1992 , Buskey 1995 , Kiørboe & Titelman 1998 , Nakamura 1998a , b, Pithakpol et al. 2000a , Tada et al. 2004 ). At our study site, the abundance and biomass of planktonic organisms (i.e. pico-, nano-, micro-and mesozooplankton) and the concentrations of particulate carbon and nitrogen (PC and PN, respectively) were higher in spring-autumn, especially in the upper layer, whereas these were lower throughout the water column (0-50 m depth) in winter (Ara & Hiromi 2007 , Ara et al. 2011a , b, Okutsu et al. 2012 ). These could enhance population growth of Noctiluca in the upper layer in spring-autumn, except during the periods of temperatures higher than ca. 26 o C in summer, since Noctiluca has been known to feed on a variety of prey items, including phytoplankton, bacteria, micro-and mesozooplankton, fish eggs and detritus (e.g. Kirchner et al. 1996 , Shanks & Walters 1996 , Sautour et al. 2000 , Fonda Umani et al. 2004 ).
The present study found that Noctiluca abundance and Chl-a concentration followed similar seasonal variations as outlined above. However, they showed drastic variations within the scale of a few days or weeks, with increases in Noctiluca abundance following increases in Chl-a concentrations with a time lag of a few weeks (Figs. 4, 5 ). This is similar to the seasonal variation pattern where heterotroph (i.e. zooplankton) biomass peaks appear after phytoplankton biomass (i.e. Chl-a) peaks in open seas (e.g. Parsons et al. 1984b ). In the upper layer (0-10 m depth), the time lag in the fortnightly present time-series of Chl-a concentration and Noctiluca abundance (n, cells L -1
) when converted to log (n+1), and examined by a cross-correlation analysis, was roughly estimated to be 39 days (r=0.294, p<0.0001).
Seasonal variations in cell size
The cell size of Noctiluca exhibited seasonal fluctuations, with larger sizes in winter-early spring and smaller sizes in summer. The cell size was negatively correlated with water temperature, as has been found in the Inland Sea of Japan (Pithakpol et al. 2000a ). Laboratory-culture experiments on Noctiluca have shown that cell size increases with decreasing food availability (i.e. phytoplankton cell abundance) and the cells swelled when the duration of the starved condition was prolonged. Furthermore, growth rates decreased with increasing cell size (Buskey 1995 , Kiørboe & Titelman 1998 , although the cell size of other heterotrophic dinoflagellates has been reported to increase with increasing food (phytoplankton) concentration (e.g. Protoperidinium hirobis (Abé) Balech, Jacobson & Anderson 1993) . In the present study, cell size of Noctiluca decreased with increasing Chl-a concentration, as has been found in other coastal waters (Dela-Cruz et al. 2003) . The seasonal variations in cell size imply that during the period of lower temperatures and Chl-a concentrations (winterearly spring) Noctiluca would be exposed to lower food availability, have lower growth rates and survive longer than during periods of higher temperatures and Chl-a concentrations (late spring-summer), and this was consistent with the variations in abundance. Thus, the cell size could reveal the nutritional state and information on the population growth of Noctiluca at our study site.
Intracellular nutrient content and concentration, and nutrient pools
The present study showed that Noctiluca had high intracellular nutrient contents and concentrations. The values for intracellular NH 4 + -N and PO 4 3--P contents obtained in the present study were comparable to or slightly lower than those obtained for the Inland Sea of Japan (NH 4 + -N: 1.7-6.8 nmol cell , Montani et al. 1998 , Pithakpol et al. 2000a . The intracellular nutrient contents, except for Si(OH) 4 -Si, revealed clear seasonal fluctuations that were positively correlated to cell size, as has also been reported in the Inland Sea of Japan (Montani et al. 1998 , Pithakpol et al. 2000a . The intracellular nutrient concentrations were negatively correlated to cell size. This indicates that intracellular nutrient contents and concentrations are dependent mainly on the nutritional status and growth of Noctiluca. During the period of lower temperatures and Chl-a concentrations (winter-early spring), larger cells would be exposed to conditions of lower food availability, have lower growth rates and survive longer, as mentioned above, and thus they would accumulate lower nutrient concentrations but higher nutrient contents, whereas during the other periods of higher temperatures and Chl-a concentrations (late spring-summer), smaller cells would have higher growth (cell division) rates and accumulate higher nutrient concentrations but lower nutrient contents.
Our preliminary laboratory-culture experiments on Noctiluca found that under conditions of sufficient food (prey: raphidophycean flagellate Heterosigma akashiwo (Hada) Hada, initial prey abundance: 1.3 10 4 cells mL -1
), intracellular NH 4 + -N, NO 3 -+NO 2 --N and PO 4 3--P contents increased gradually until the 35th day, whereas intracellular Si(OH) 4 -Si contents revealed neither increasing nor decreasing trends during the experiment. Under starvation conditions, intracellular NH 4 + -N, NO 3 -+NO 2 --N, PO 4 3--P and Si(OH) 4 -Si contents stayed at similar levels at least until the 13th day, and then most of the Noctiluca cells died before reaching the 25th day (Ara unpublished data). These results indicate that Noctiluca regenerates NH 4 + -N and PO 4 3--P by active feeding and accumulates these substances within the cells, whereas NO 2 --N and NO 3 --N might be nitrified (oxidized) by-product substances derived from NH 4 + -N, due to the high acidity of the intracellular liquids (pH 4-5, Okaichi & Nishio 1976) . In addition, these data indicate that Noctiluca contains silicate, derived from diatom frustules from its phytoplankton prey (diatoms), that would be neither digested nor regenerated by Noctiluca, as has been mentioned by Montani et al. (1998) .
The proportion of intracellular nutrient contents in the water column (0-50 m depth) and in the euphotic zone at each sampling date accounted for 0-82.5% (mean: 22.7%) and 0-91.7% (mean: 30.5%) for NH 4 + -N, 0-40.4% (mean: 1.2%) and 0-71.1% (mean: 2.0%) for NO 3 -+NO 2 --N, 0-74.1% (mean: 7.6%) and 0-89.0% (mean: 11.8%) for DIN (dissolved inorganic nitrogen: NH 4 + +NO 3 -+NO 2 --N), and 0-81.4% (mean: 9.3%) and 0-91.8% (mean: 15.1%) for PO 4 3--P of the total nutrient standing stocks (i.e. intracellular nutrient contents plus nutrient concentrations in the ambient seawater), respectively (Fig. 12) . The intracellular nutrient contents comprised larger proportions during the period of higher Noctiluca abundances in April-July, accounting for an average in the euphotic zone and in the water column (0-50 m depth) of .5% for PO 4 3--P of the total nutrient standing stocks, respectively.
Diatom response to enrichment with nutrients extracted from Noctiluca cells
Thalassiosira rotula increased to higher cell abundances when higher concentrations of nutrients extracted from Noctiluca cells were added. This indicates that nutrients regenerated by Noctiluca could be available for phytoplankton (diatom) growth and increase. Thus, Noctiluca would play an effective role as a nutrient regenerator in aquatic ecosystems through it regenerating and releasing nutrients that could subsequently be utilized by phytoplankton.
Excretion rate and nutrient supplies
NH 4
+ -N and PO 4 3--P excretion rates of Noctiluca varied depending on elapsed experiment time, temperature and its cell size (volume), and were most strongly affected by time (Table 5 , Fig. 11 ). These rates were much higher during the first 1-3 h and decreased rapidly with time. This seems to be common in zooplankton with metabolic (i.e. respiration and excretion) rates being high in freshly-caught specimens and decreasing rapidly with time under laboratory conditions (Mayzaud 1976 , Le Borgne 1979, Ikeda & Sk- joldal 1980, Skjoldal et al. 1984 , Fernández-Urruzola et al. 2011 . Two possible explanations can be offered for the phenomenon: (1) higher rates for freshly caught specimens are due to the increased activity during sampling, and (2) lower rates after prolonged laboratory maintenance of specimens are due to laboratory effects, such as depletion of the food source. The former scenario supposes that the lower rates in specimens maintained over long periods would better estimate the rates under natural conditions, while the latter supposes that the higher rates of freshly caught specimens are closer to their natural values (Omori & Ikeda 1984) . Actually, NH 4 + -N and PO 4 3--P excretion rates of Noctiluca were higher when Chl-a concentrations in ambient seawater were higher during our study, especially early in the experiment (i.e. the first 1-6 h). This indicates that Noctiluca excretion rates reflect food availability in the ambient seawater on each sampling date, and that the rapid decreases in Noctiluca excretion rate with elapsed experiment time were due to the effect of starvation during the experiment. Our preliminary laboratoryculture experiments on Noctiluca found that under starved conditions the intracellular nutrient contents remained constant for several days, as mentioned above, which implies that during this period Noctiluca accumulated nutrients and decreased its excretion rates to very low levels. In addition, the proportion (%) of NH 4 + -N and PO 4 3--P excretion rates to intracellular NH 4 + -N and PO 4 3--P contents exhibited similar variations to each other (Fig. 11) , indicating that Noctiluca excreted liquids containing both NH 4 + -N and PO 4 3--P that had been regenerated and accumulated within the cells in the same proportions. Thus, it was assumed that the highest NH 4 + -N and PO 4 3--P excretion rates, obtained during the first 1 h (243 pmol N cell -1 h -1 and 24 pmol P cell -1 h -1 ), would have been less influenced by starvation and would therefore be closer to the actual excretion rate for Noctiluca in ambient seawater. These values were applied to the following calculations. The NH 4 + -N and PO 4 3--P excretion rates of Noctiluca were 7.5-10.3-fold and 7.9-15.3-fold higher than those of micro-and mesozooplankton (i.e. planktonic protists and metazoans) with the same body weights (188 ng C or 428 ng DW) at the same water temperature (24.5 o C). These values were calculated using the regression equations of cell volume-cell carbon weight relationship and assuming carbon weight to be 43.9% of dry weight for Noctiluca (Omori 1969 , Tada et al. 2000 , and the regression equations of body weight-excretion rate relationships for mesozooplankton and planktonic protists (Ikeda 1985 , Dolan 1997 .
During spring-summer, seasonal stratification interfered with nutrient supply to the upper layer and kept dissolved inorganic nutrients at low concentrations in the upper layer (0-20 m depth) due to nutrient uptake by phytoplankton (Figs. 2-4 , Ara & Hiromi 2008 , Ara et al. 2011a . However, when a Noctiluca red tide was formed at the surface on April 19, 2006, dissolved inorganic nutrient concentrations, except for Si(OH) 4 -Si, were extremely high in the uppermost layer (0-3 cm depth), as also found in the Inland Sea of Japan (Montani et al. 1998 , Pithakpol et al. 2000a ). In addition, relatively high nutrient concentrations associated with high Noctiluca abundances at the surface have been observed in other waters (Schaumann et al. 1988 , Elbrächter & Qi 1998 , Al-Azri et al. 2007 . Accordingly, we addressed whether the concentrations of dissolved inorganic nutrients, especially NH 4 + -N and PO 4 3--P, in ambient seawater were influenced by Noctiluca. The timing of intermittently high NH 4 + -N, PO 4 3--P, Chl-a and/or PP in the upper layer (0-10 m depth) followed high Noctiluca abundances and presumably high NH 4 + -N and PO 4 3--P supply by Noctiluca excretion (Fig. 13) . Thus, dense Noctiluca populations could cause increases in dissolved inorganic nutrient concentrations in ambient seawater and consequently in Chl-a and PP. In this case, the timing of both the high Noctiluca abundances and Chl-a concentrations could be explained by a mutually supportive relationship (e.g. Harris 1959 , Dugdale & Goering 1967 , Corner & Davis 1971 (Ara & Hiromi 2008 , Ara et al. 2011b , as well as nutrient supply by Noctiluca excretion also being high.
We evaluated the role of Noctiluca in the marine ecosystem by estimating the contribution of NH 4 + -N and PO 4 3--P supply from excretion to the DIN and DIP requirement for phytoplankton primary production at our study site. Daily DIN and DIP requirement for phytoplankton was estimated from PP values obtained in the present study, assuming a nutrient uptake molar C : N : P ratio of 106 : 16 : 1 (i.e. Redfield ratio, Redfield et al. 1963 , Brzezinski 1985 , Brzezinski & Nelson 1995 . The depth-integrated daily DIN and DIP requirement was calculated by the integral of daily DIN and DIP requirement in the euphotic zone, i.e. from the sea-surface to the depth corresponding to 1% of sea-surface sunlight intensity. NH 4 + -N and PO 4 3--P excretion rates (243 pmol N cell -1 h -1 and 24 pmol P cell -1 h -1
) were converted to daily rates by multiplying by 24 (hours). The contribution of daily NH 4 + -N and PO 4 3--P supply by Noctiluca excretion was estimated to be 0-3,118% (mean: 34.8%) and 0-4,959% (mean: 55.3%) to the daily DIN and DIP requirement for primary production, respectively (Fig. 14) . The estimated values of daily NH 4 + -N and PO 4 3--P supply by Noctiluca excretion were higher during the period of higher Noctiluca abundances, contributing on average 11.2-85.4% and 17.9-135.8% in March-October, especially 50.6-85.4% and 80.5-135.8% in April-July, to the daily DIN and DIP requirement for primary production, respectively. These mean and maximum percentages obtained in the present study were comparable to, or relatively higher than, those calculated for micro-and mesozooplankton in other waters (e.g. Verity 1985 , Harrison 1992 , Hernándes-León et al. 2008 ).
The role of Noctiluca in the nutrient-environment and aquatic ecosystems
One of the most characteristic aspects of Noctiluca was that of extremely high intracellular NH 4 + -N and PO 4 3--P contents and high NH 4 + -N and PO 4 3--P excretion rates. In addition, nutrients regenerated and released by Noctiluca could be available for phytoplankton growth and increase. At our study site, Noctiluca can therefore be expected to play an important role as a nutrient regenerator and supplier due to the significant amount of NH 4 + -N and PO 4 3--P regeneration, the pools within the cells, and its supply to primary production. This would be especially true during the period of higher Noctiluca abundances and lower nutri- ent concentrations in the upper layer in late spring-summer. This would stimulate phytoplankton (diatom) abundance, biomass and production, and may exacerbate eutrophication by the mutually supportive relationship between phytoplankton and Noctiluca: bottom-up control (i.e. phytoplankton-Noctiluca) and nutrient supply by Noctiluca excretion to phytoplankton. Moreover, increasing eutrophication, especially Si deficiency relative to N and P, can result in ecosystem-level changes by reducing the role of diatoms in aquatic ecosystems, e.g. frequent Noctiluca red tides and/or other noxious phytoplankton (i.e. non-diatom) blooms, which have been observed in other estuarine and coastal waters of Japan, e.g. Tokyo Bay (Nomura 1998 , Kamataki 2005 , Yoshida & Ishimaru 2008 and Osaka Bay and/or the Inland Sea of Japan (Manabe et al. 1994 , Hori et al. 1998 , Imai et al. 2006 , Yoshimatsu 2008 .
